ABSTRACT: Sn-58Bi eutectic solder ribbon was successfully prepared using an improved single-roller rapid solidification device with the optimum process parameters. The microstructure, melting behavior and wettability of Sn-58Bi eutectic solder ribbon prepared by rapid solidification technology (RST) and conventional casting-rolling process (CRP) respectively were investigated by optical microscopy (OM), differential scanning calorimetry (DSC) and wettability tests. The results show that the forming effect of solder ribbons can be obviously improved by mainly optimizing roller line speed, nozzle-to-roller spacing and heating temperature. Sn-58Bi eutectic solder ribbon prepared by RST has finer microstructure, lower solidus temperature and more excellent wettability than that of the ribbon prepared by CRP. Therefore, the study of Sn-58Bi eutectic solder ribbon is conducive to cut cost, meet growing performance requirements, and reduce lead contamination for electronic package industry.
INTRODUCTION
T HE traditional Pb-containing solder has not been able to meet the performance requirements for modern electronic package industry due to low shear strength, poor creep resistance and thermal fatigue resistance [1] . What's more, lead and its compounds are non-degradable pollutants, and can be easily seeped into the environment through Pb-containing waste electronic products that are difficult to be recycled. Lead contamination can cause a bad effect on the growth of green plants and the intellectual development of children. Concerns about environmental and health problems caused by the toxicity of lead have resulted in serious restrictions on the use of these Pb-containing solders [2] [3] [4] . For example, in 2006 European Union restricted the intentional use of Pb in consumer electronics in European Union by the restriction of Hazardous Substances (RoHS) Directive [5] . Therefore, the study for environmentally friendly lead-free solders is beneficial to solve environmental and health problems resulted by Pb-containing residuals. Compared with other lead-free solders, Sn-58Bi eutectic solder has been recognized as one of the most promising candidates which can replace Pb-containing solder owing to good joint strength, low coefficient of thermal expansion, excellent creep resistance, good wettability and low cost [6] [7] [8] .
However, Bi element is generally brittle in nature and easy to coarsen the microstructure because of Bi segregation during solidification, which decreases the shear strength and ductility of Sn-58Bi eutectic solder, and thus induces to poor joint performance [6] . adding the third metal element, such as Ag, Sb, In and others to Sn-58Bi eutectic solder is considered to be an effective way to improve its microstructure and properties [8] [9] . Solder ribbon prepared by single-roller repaid solidification have the advantages of fine microstructure, low melting point, good wettability and low cost, but the solder ribbon only has one chilled surface, and the other is free surface. if the process parameters are not reasonable during the preparation, it will lead to quite poor forming effect of solder ribbon. Therefore, in this work, the repaid solidification device is developed on the basis of single-roller method. a small copper roller is added beside the large copper roller in order to roll the solder ribbon in the semi-solid state, which can effectively improve the forming effect and refine the microstructure because of the role of chilling and rolling. in addition, the effects of the process parameters such as roller line speed, nozzle-to-roller spacing and heating temperature of improved singleroller rapid solidification device on the forming effect of solder ribbon are discussed. And RST is employed to prepare Sn-58Bi eutectic solder ribbon in order to refine the microstructure, lower the melting temperature and enhance the wettability.
EXPERIMENTAL PROCEDURES
Sn-Bi alloys were prepared from melting pure Sn (99.99%) and Bi (99.99%) metals in an alumina crucible under the protection of inert argon atmosphere. The solder ribbons of 0.12 mm thickness were prepared using the improved single-roller rapid solidification device (shown in Figure 1 ) and CRP, respectively. And the rectangular sheets (4.8 mm × 5.8 mm) were punched from their ribbons. after being washed and dried, the rectangular sheets were used for subsequent experiments.
The sheets were etched in a 10% H 2 SO 4 + 90% CH 3 oH solution. The microstructure was observed by optical microscopy (OLYMPUSC-35A). The melting behavior was revealed using differential scanning calorimetry (DSC-PYRIS1) at a constant rate of 10?/min between 20°C and 200°C under N 2 atmosphere during heating.
The wettability tests were performed on Cu substrates (10 mm× 10 mm). After the sheets on Cu substrates were heated from the room temperature to 230°C for 60 s under Ar atmosphere, the samples were magnified 20 times using a device (VMS-1510F). The wetted areas were estimated by the measuring tool on the device.
RESULTS AND DISCUSSIONS

Optimization of Process Parameters
The influences of main process parameters such as roller line speed, nozzle-to-roller spacing and heating temperature on the forming effect of solder ribbon are discussed in the following.
Roller Line Speed
The roller line speed can be controlled continuously to make the improved single-roll repaid solidification device suitable for the preparation of a variety of solder ribbons, and also achieve the preparation of solder containing micro and nano grains. as shown in Figure  2 , when the molten alloy contacts with the large copper roller, the high-speed rotating roller causes the molten alloy to produce a huge acceleration, resulting that the molten pool is quickly pulled into a ribbon. However, the flux of molten alloy flowing out of the nozzle per unit time is constant, so the thickness of the ribbon decreases with increased roller line speed. according to heat transfer theory, the thinner the ribbon, the smaller the internal thermal resistance, and the higher the heat transfer efficiency. Therefore, increasing roller line speed is beneficial for increasing cooling rate.
The heat transfer process of repaid solidification is very complicated, which is influenced by many factors such as cooling medium, roller line speed and properties of molten alloy. now the instantaneous cooling rate of molten alloy on the lager copper roller surface is estimated. Because the thickness of prepared ribbon is very small, the internal thermal resistance can be ignored. The heat equilibrium condition is:
where, y is the thickness of ribbon, ΔT is the temperature difference between the molten alloy and the cooling medium, ρ is the density of molten alloy, α is the interfacial heat transfer coefficient, τ is the time, c is the mass heat capacity of alloy. So the instantaneous cooling speed is deduced as: (1) (2) According to Equation (2), v increases with decreased y. Therefore, the thickness of ribbon can be reduced by increasing the roller line speed, inducing to increase the instantaneous cooling rate.
Nozzle-to-roller Spacing
Nozzle-to-roller spacing is equal to spraying distance of molten alloy and is a very important process parameter in the preparation of solder ribbon. if the spraying distance is too small, the flow rate of both sides of molten alloy will be less than that of middle molten alloy, because the middle molten alloy bears less resistance from the inner wall of nozzle. When the molten alloy is spraying out from the nozzle, the middle molten alloy will reach the roller surface first, leading to tearing the solder ribbon. Excessive spraying distance will increase the impact of molten alloy on the roller surface, which causes the splash of molten alloy and poor forming effect of solder ribbon.
Heating Temperature
The heating temperature should be controlled to be within a certain range. if the heating temperature is too low, the molten alloy has low viscosity and poor fluidity. If the heating temperature is quite high, the molten alloy is prone to oxidation. Therefore, the heating temperature of preparing Sn-58Bi eutectic solder ribbon should be slightly higher that the eutectic point temperature.
The optimum process parameters of preparing Sn- 58Bi eutectic solder ribbon using the improved singleroller repaid solidification device are shown in Table 1 after several experiments. The Sn-58Bi eutectic solder ribbon with better forming effect is shown in Figure 3 .
Microstructure
The optical microstructure of Sn-58Bi eutectic solder prepared by metal mold casting is shown in Figure  4 (a). The coarse dendrite is the primary β-Sn phase surrounded by the eutectic structure consisting of a mixture of β-Sn phase and Bi phase. When being hot rolled into the ribbon of 0.12 mm, the microstructure changes obviously, as shown in Figure 4(b) . The coarse dendrite is crushed due to the rolling force, refining the microstructure evidently. The microstructure of Sn-58Bi eutectic solder prepared by RST is shown in Figure  4 (c). Compared with the solder prepared by CRP, the microstructure of solder prepared by RST is finer and more uniform.
Under rapid solidification condition, an additional degree of kinetic undercooling is produced due to high cooling rate, as described [10] :
Where, R is the cooling rate, R g is the gas constant, R 0 is the constant with the same order of magnitude as the speed of sound in pure metal, T i is the temperature of solidification interface, ΔS m is the molar phase transition enthalpy. if R << R 0 , then ΔT k ≈ 0, representing that the additional degree of kinetic undercooling can be ignored. But due to the high cooling rate, can not be ignored under repaid solidification condition. In addition, increases with increased cooling rate. Therefore, the degree of undercooling under RST is higher than that under CRP during crystallization. According to the classical nucleation theory [11] , the increase of degree of undercooling will reduce the critical nucleation radius and the critical nucleation energy, which is beneficial to form more crystal nuclei to refine the microstructure. On the other hand, the liquid-solid transition time is quite short during repaid solidification condition, so crystal growth is difficult because it takes time to complete the diffusion of atoms, inducing to further refine the microstructure. Therefore, the microstructure of Sn-58Bi eutectic solder prepared by RST is finer and more uniform than that of the solder prepared by CRP.
Properties
Melting Behavior
The melting behaviors of Sn-58Bi eutectic solder prepared by CRP and RST respectively were measured by differential scanning calorimetry, as shown in Figure 5 . The solidus temperatures are 143.17°C and 141.96°C respectively, decreasing 1.21°C. But the liquidus temperatures are 145.60°C and 145.52°C respectively, basically remaining unchanged. The decrease of solidus temperature is due to the facts that the atomic radius of Sn and Bi are 0.141 nm and 0.155 nm, respectively, and the maximum solid solubility of Bi in Sn matrix are enlarged under repaid solidification condition. The enhanced effect of solid solution increases the lattice constant of Sn-based solid solution, and weakens the binding force between atoms, leading to lower melting temperature.
Wettability
The wettability of Sn-58Bi eutectic solder on Cu substrates was tested, and the results are shown in Figure 6 . it is found that the wetted areas of the sol- der prepared by CRP and RST are 33.5 mm 2 and 41.5 mm 2 , respectively. This increase of wettability can be attributed to the facts that the surface of Sn-58Bi eutectic solder ribbon prepared by CRP is easily oxidized to form an oxide film, reducing the wettability. Also, according to DSC results in Figure 5 , Sn-58Bi eutectic solder prepared by RST has low melting temperature. So the molten solder is in relatively overheating state during the wettability tests, which reduces the viscosity, increases the fluidity and thus improves the wettability. Furthermore, the wetting behavior can be expressed as follows:
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LG σ σ σ − Where, σ SG is the solid-gas interfacial energy, σ SL is the solid-liquid interfacial energy, σ LG is the liquidgas interfacial energy, and θ is the wetting angle. The atoms in Sn-58Bi eutectic solder prepared by RST are quite disordered and have high activity, which combine with Cu atoms on the substrates easily. it can reduce σ SL and θ, and improve the wettability.
CONCLUSIONS
Sn-58Bi eutectic solder ribbon with good forming effect was successfully prepared by optimizing the process parameters such as roller line speed, nozzleto-roller spacing and heating temperature, using an improved single-roller repaid solidification device. Compared with the solder prepared by CRT, the solder prepared by RST has finer microstructure, lower melting temperature and more excellent wettability. 
